Mitochondrial function is a key determinant of both excitability and viability of neurons. Here, we demonstrate seizure-dependent changes in mitochondrial oxidative phosphorylation in the epileptic rat hippocampus. The intense pathological neuronal activity in pilocarpine-treated rats exhibiting spontaneous seizures resulted in a selective decline of the activities of NADH±CoQ oxidoreductase (complex I of the respiratory chain) and cytochrome c oxidase (complex IV of respiratory chain) in the CA3 and CA1 hippocampal pyramidal sub®elds. In line with these ®ndings, high-resolution respirometry revealed an increased¯ux control of complex I on respiration in the CA1 and CA3 sub®elds and decreased maximal respiration rates in the more severely affected CA3 sub®eld. Imaging of mitochondrial membrane potential using rhodamine 123 showed a lowered mitochondrial membrane potential in both pyramidal sub®elds. In contrast to the CA1 and CA3 sub®elds, mitochondrial oxidative phosphorylation was unaltered in the dentate gyrus and the parahippocampal gyrus. The changes of oxidative phosphorylation in the epileptic rat hippocampus cannot be attributed to oxidative enzyme modi®cations but are very likely related to a decrease in mitochondrial DNA copy number as shown in the more severely affected CA3 sub®eld and in cultured PC12 cells partially depleted of mitochondrial DNA. Thus, our results demonstrate that seizure activity downregulates the expression of mitochondrial-encoded enzymes of oxidative phosphorylation. This mechanism could be invoked during diverse forms of pathological neuronal activity and could severely affect both excitability and viability of hippocampal pyramidal neurons.
Introduction
Mitochondrial oxidative phosphorylation provides the majority of the ATP required for neuronal metabolism. About 40% of the total ATP is consumed by the sodium±potassium ATPase which maintains the neuronal plasma membrane potential (Astrup et al., 1981) . In addition to this energy providing function, mitochondria are an important intracellular Ca 2+ sequestration system in neurons (Thayer & Miller, 1990; Herrington et al., 1996) .
Clearly, mitochondrial function has to be regulated in a manner commensurate to the activity of the cell. To this end, a number of mechanisms exist that link mitochondrial function to neuronal activity. For instance, neuronal activity can cause short term changes of mitochondrial membrane potential (Bindokas et al., 1998) . In addition to the regulation of mitochondrial function by neuronal activity, the converse can also apply; mitochondria can modulate synaptic transmission at the neuromuscular junction (Tang & Zucker, 1997) . Additionally, long term changes of oxidative phosphorylation resulting from modulation of mitochondrial gene expression in response to increased synaptic activity have been described (Williams et al., 1998) . These changes consist mainly of up-regulation of all mitochondrial-encoded enzymes. On the other hand, the depolarization pattern of neurons during intense epileptiform activity causes massive Ca 2+ in¯ux through voltage-gated and N-methyl-D-aspartate (NMDA)-dependent ion channels (Van den Pol et al., 1996) . This elevation of intracellular Ca 2+ results in mitochondrial depolarization and intramitochondrial Ca 2+ accumulation (Duchen, 1992 ) leading to energy failure and mitochondrial superoxide production (Schuchmann et al., 1999; Liang et al., 2000) , which could trigger the acute neuronal cell death that occurs after status epilepticus (Fujikawa et al., 2000) .
In contrast to the short term alterations of mitochondrial function by epileptiform activity, it has remained unclear whether, and how exactly, mitochondrial function is altered by long term seizure activity occurring in vivo. The existence of such processes is suggested by a de®ciency of mitochondrial respiratory chain complex I that occurs in the epileptic focus of patients with temporal lobe epilepsy . Therefore, we have studied long term changes in oxidative phosphorylation in the hippocampus of the pilocarpine model of temporal lobe epilepsy (Turski et al., 1983 ). This chronic model replicates key features of human temporal lobe epilepsy, i.e. spontaneous seizures, segmental neuronal cell loss in the Ammon's horn, severe astrogliosis and axonal reorganization (Hinterkeuser et al., 2000 , Ben-Ari 2001 Lehmann et al., 2001) . In this model, we have characterized mitochondrial function in different hippocampal sub®elds using enzyme analysis, high-resolution respirometry of microslices, enzyme histochemistry, rhodamine 123 imaging of mitochondrial membrane potential and analysis of mitochondrial DNA. Our results provide evidence for an impairment of mitochondrial respiratory chain complexes in the rat hippocampus following seizure activity that has pronounced effects on energy metabolism and could affect both excitability and survival of pyramidal neurons.
Materials and methods

Pilocarpine treatment of animals and preparation of hippocampal slices
Young adult male Wistar 2 rats (32±36 days old; 120±170 g) were injected with pilocarpine (340 mg/kg i.p., Sigma-Aldrich, Deisenhofen, Germany) 30 min after an injection of methylscopolamine (1 mg/kg i.p., Sigma-Aldrich). The study was approved by the ethical committee of the Bezirksregierung Ko . The onset of seizure activity was 20±40 min after pilocarpine administration. Approximately 70±90% of the animals showed generalized tonic±clonic seizures (status epilepticus) and were used in the further experiments. After 40 min the status epilepticus was terminated by injection of diazepam (4 mg/kg i.p., Sigma-Aldrich). The control rats were injected with methylscopolamine, diazepam and a physiological salt solution instead of pilocarpine. After survival periods of 20±23 days, the rats were video monitored for 150 h. During this monitoring period an average of 14 T 8 spontaneous secondary generalized seizures (seizure duration approximately 30 s) were observed in all rats (minimal amount of observed secondary generalized seizures in 150 h, 2; maximal amount of observed secondary generalized seizures in 150 h, 48). Approximately 30 days after status epilepticus, animals which did not show spontaneous seizures within 5 h prior to the experiments were selected for experiments (this procedure does, however, not exclude completely acute seizure-related effects). These rats were anaesthetized with chloroform and killed by decapitation. For functional investigations the brains were immediately placed in ice-cold oxygenated medium containing (in mM): NaCl, 90; KCl, 3; MgSO 4 , 2; CaCl 2 , 2; sodium pyruvate, 1; glucose, 10; sucrose, 105, and 4-(2-hydroxyethyl)-1-piperazine-2-ethanesulphonic acid (HEPES-NaOH; pH 7.4), 10. Axial sections (400 mm) from the temporal aspect of the hippocampal formation were prepared using a vibratome (Leica, Germany) according to standard methods. The slices were then dissected, and the hippocampal sub®elds were transferred to a holding chamber where they were stored at 25°C in a standard carbogen-gassed arti®cial cerebrospinal¯uid (ACSF) solution, containing (in mM): NaCl, 125; KCl, 3; CaCl 2 , 2; MgCl 2 , 2; NaH 2 PO 4 , 1.25; D-glucose, 10; and NaHCO 3 , 26, until further use. Before starting the experiments, the slices were preequilibrated for at least 60 min in the holding chamber.
Enzyme activities
To avoid systematic errors in enzyme activity determinations, control and experimental groups of 5±8 animals were analysed in parallel studies. For the enzymatic analysis, the 400 mm slices were immediately dissected into the hippocampal sub®elds and the parahippocampal gyrus. Three sub®eld samples were pooled and immediately frozen in liquid nitrogen and stored until analysis (the maximal storage time of the samples did not exceed 1 week). Before the enzymatic analysis the frozen brain tissue was homogenized at about 50 mg wet weight/mL in 100 mM phosphate buffer (pH 7.4) using an ultraturrax homogenizer (IKA, Staufen, Germany) three times for 15 s at 24 000 r.p.m. The activity of cytochrome c oxidase was measured spectrophotometrically in 100 mM phosphate buffer (pH 7.4) in the presence of 0.1% laurylmaltoside (Sigma-Aldrich) and 200 mM ferrocytochrome c . The activity of rotenone-sensitive NADH±CoQ 1 oxidoreductase was measured in 50 mM KCl, 1 mM EDTA, 10 mM TRIS-HCl (pH 7.4) containing additionally 1 mM KCN, 100 mM CoQ 1 and 150 mM NADH at 340±380 nm . The activities of citrate synthase and succinate dehydrogenase were determined by standard methods.
Slice respiration measurements
The oxygen consumption of single slices was determined at 30°C in a medium consisting of 125 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 1.25 mM sodium phosphate, 2 mM MgCl 2 and 20 mM HEPES-NaOH (pH = 7.4) with a PC-supported Oroboros high resolution oxygraph (Kudin et al., 1999) . The protein content was determined using a protein assay kit based on Peterson's modi®cation of the microLowry method according to the manufacturer's instructions (SigmaAldrich)
Histochemistry and rhodamine 123 imaging
The Timm staining procedure was performed on 10 mm cryostate sections according to Sloviter (1982) , and succinate histochemistry was performed on fresh 60 mm microslices according to Dubowitz & Brooke (1973) . For the rhodamine 123 imaging experiments 150 mm hippocampal slices were immobilized in a chamber and perfused with carbogen-gassed ACSF at a rate of 0.5 mL/min. Thereafter, the slices were loaded at a perfusion rate of 1 mL/min for 30 min with 26 mM rhodamine 123 (diluted from a 1000 Q stock in 95% EtOH; Molecular Probes, Eugene, OR, USA) dissolved in the ACSF solution (Bindokas et al., 1998) . The excess rhodamine 123 was removed by a 10 min wash. The imaging experiments were performed at 488 nm excitation and 525 nm emission on the stage of an Olympus IX70 inverted¯uorescence microscope equipped with a Kappa CF 8/1 DXC CCD camera.
Rhodamine 123¯uorescence spectroscopy
Approximately 1 mg protein/ml hippocampal homogenate was incubated in a mitochondrial medium for respiration measurements (Debska et al., 2001) containing additionally 10 mM pyruvate, 5 mM malate, 100 mg/mL digitonin and 2.6 mM rhodamine 123. The rhodamine 123¯uorescence signal was determined at 466 nm excitation and 520 nm emission in a Shimadzu RF 5000 spectrouorimeter. The signal was expressed as a percentage of the maximal uorescence change occurring between the pyruvate + malate state (100%, equivalent to maximal mitochondrial membrane potential) and the uncoupled state (10 mM TTFB present, 0% equivalent to minimal mitochondrial membrane potential).
Southern blots
Total DNA was isolated from 2±3 mg liquid nitrogen-frozen samples by standard methods and Southern blots were performed with 1 mg DNA digested by PvuII . Rat mitochondrial DNA isolated from rat skeletal muscle mitochondria was labelled with digoxigenin by the Klenow reaction. The labelled DNA was used to hybridize the Southern blots, which were developed by CSPD-chemiluminescence (Boehringer, Mannheim, Germany). In PvuII-digested rat DNA the probe bound preferentially to the 15.4 kb mitochondrial DNA band and to a small extent to a 4.0-kb band. This 4.0 kb band not originating from mitochondrial DNA (PvuII cleaves rat mitochondrial DNA into two fragments with the molecular weights 15.375 kb and 0.925 kb) was chosen as a reference for the total amount of chromosomal DNA present in the sample. The ratio of intensities of both bands was determined by densitometric analysis of the detection ®lm at comparable times of exposure. Test blots with various DNA quantities were performed to check the linearity of the determined band intensities.
Cultivation of PC12 cells depleted of mitochondrial DNA Undifferentiated PC12 cells (Greene & Tischler, 1976) were maintained in Dulbecco's modi®ed eagle medium (DMEM) supplemented with 5% foetal calf serum, 10% horse serum and 50 mg/mL penicillin±streptomycin (Gibco Life Technologies, Heidelberg, Germany). Cells were subcultivated every 5±7 days. To deplete mitochondrial DNA, cells were grown in DMEM containing 500 ng/ mL ethidium bromide supplied with pyruvate (1 mM) and uridine (50 mg/mL) as described previously (King & Attardi, 1989; Trounce et al., 1994) . When con¯uency was reached, cells were passaged and samples of 8±13 Q 10 6 cells were harvested and frozen in liquid nitrogen for analysis of mitochondrial DNA content and enzyme activities.
Statistical analysis
The results are presented as mean T SD. The putative differences of enzyme activities and enzyme activity ratios between control and pilocarpine-treated animals were tested by multivariate analysis (ANOVA). Subsequent Bonferoni correction was applied whenever possible. All other signi®cant differences were assessed by Student's t-test. A value of P < 0.05 was accepted as the level of signi®cance.
Results
Chronic seizure activity causes increased succinate dehydrogenase staining of pyramidal cells Typical histopathological changes which can be observed in the hippocampus of rats approximately 30 days after pilocarpine treatment (Timm staining) are shown in Fig. 1A and B. Using this method the zinc-containing mossy ®bres are dark brown and the cell nuclei stained blue due to the toluidine blue counterstaining. Characteristic features (panel B, cf. control in panel A) are mossy ®bres sprouting into the inner molecular layer of the dentate gyrus (panel B, left arrowhead) and neuronal cell loss, predominantly in the CA3 (panel B, right arrowhead) and to a lesser extent in the CA1 pyramidal cell layer. Furthermore, we have assessed possible changes in mitochondrial quantity in the hippocampus of pilocarpine-treated rats exhibiting spontaneous seizures using succinate dehydrogenase histochemistry commonly used as histological mitochondrial marker (Fig. 1C±F ). In the pilocarpine-treated animals the somatic staining intensity of CA3 pyramidal neurons was increased. A comparable increase in succinate dehydrogenase staining was also observed for the CA1 pyramidal neurons (Fig. 1F) . These results are compatible either with a seizure activity dependent upregulation of the quantity of somatic mitochondria or with a selective increase of succinate dehydrogenase activity (complex II of the respiratory chain).
Chronic seizure activity leads to reduction of complex I and IV activities
Next, we investigated whether the seizure activity in vivo leads to long term quantitative changes in the activities of key enzymes of mitochondrial oxidative phosphorylation in rat hippocampus, namely NADH±CoQ oxidoreductase (complex I of respiratory chain), succinate dehydrogenase (complex II of respiratory chain), cytochrome c oxidase (complex IV of respiratory chain) and citrate synthase, a soluble matrix enzyme. These determinations were performed separately in the hippocampal CA1 and CA3 sub®elds, the dentate gyrus and the parahippocampal gyrus (Table 1) . There was a lower activity of complexes I and IV in both the CA1 and CA3 sub®elds in pilocarpine-treated rats compared to controls. These results cannot be attributed to a decline of mitochondrial content due to the neuronal cell loss in these sub®elds because the activities of citrate synthase and succinate dehydrogenase remained almost unchanged and the succinate dehydrogenase staining of CA1 and CA3 neurons even increased (Fig. 1C±F ). This is also visible from the decrease of the citrate synthase ratios of complexes I and IV at an unchanged citrate synthase ratio of complex II (Table 1) .
To investigate possible direct effects of pilocarpine treatment on mitochondrial enzyme activities we determined the K i values for pilocarpine in in vitro assays using hippocampal CA3 sub®eld homogenates from control rats as the enzyme source. The K i value for complex I was 13 T 2 mM (three independent experiments), whereas the complex IV activity was almost pilocarpine-insensitive up to 50 mM. Thus, it is unlikely that systemic injection of 1.4 mM pilocarpine (340 mg/kg i.p.) leads to any measurable direct activity changes of mitochondrial respiratory chain complexes I and IV. 
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The reduced respiratory chain activities alter the control of mitochondrial oxidative phosphorylation and affect the respiration rate of the CA3 sub®eld
In further experiments we attempted to assess whether the decline in activity of enzymes of the respiratory chain is suf®cient to affect the overall capacity and the control of mitochondrial oxidative phosphorylation. To this end, we investigated the oxygen consumption rate of pyruvate oxidizing uncoupled hippocampal sub®elds with a speci®c noncompetitive inhibitor of complex I, amytal. A typical titration experiment with CA3 sub®elds is shown in Fig. 2A . After the addition of an optimal uncoupler concentration [2 mM 4,5,6,7-tetrachloro-2-tri¯uoromethylbenzimidazole (TTFB)] to the glucoseoxidizing sub®elds, we observed an approximate twofold stimulation of oxygen consumption (not shown). Then, the maximal rate of respiration was adjusted by addition of 10 mM pyruvate; thereafter, subsequent additions of amytal caused an inhibition of oxygen consumption. From the amytal titration curves,¯ux control coef®-cients of complex I could be determined that allow a quantitative description of control exerted by this enzyme (a value of 1 is equivalent to maximal control; a value of 0 is equivalent to no control, cf. Kacser & Burns, 1973; Heinrich & Rapoport, 1974) . As shown in Fig. 2B , the¯ux control coef®cients of complex I in the CA1 and CA3 pyramidal sub®elds are approximately 1.5-fold higher in pilocarpine-treated rats compared with control animals. This result is in line with the observed decrease of complex I activity in CA1 and CA3. However, the changes in enzyme activity and¯ux control were found to be suf®cient to cause decreased rates of maximal mitochondrial oxygen consumption with both glucose and pyruvate only in the more severely affected CA3 pyramidal sub®eld ( Table 2 ).
The lowered respiratory chain complex activities in¯uence the mitochondrial membrane potential Because the decline of respiratory chain activities caused a rate limitation of mitochondrial respiration, it should also affect the generation of the mitochondrial membrane potential, which is linked to respiration by proton pumping. To test this dependence quantitatively, we determined the mitochondrial membrane potential by measuring the rhodamine 123¯uorescence (Bindokas et al., 1998) in pyruvate oxidizing digitonin-treated rat hippocampal homogenates at various degrees of complex I inhibition. A typical experiment is shown in Fig. 3A . After addition of the homogenate this dye is accumulated into mitochondria, causing a¯uorescence decrease as a result of proximity-induced dye quenching. Digitonin causes permeabilization of the cholesterol-containing synaptosomal membranes making all mitochondria accessible (Sims & Blass, 1986) . The addition of the mitochondrial substrates pyruvate + malate leads to a maximal mitochondrial membrane potential and minimal rhodamine 123¯uorescence. Thereafter a de®ned inhibition of the respiratory chain was achieved by amytal, a speci®c inhibitor of complex I. Addition of the amount of amytal that causes an approximate twofold inhibition of complex I activity (120 mM) yielded an approximate 30% increase in the rhodamine 123¯uorescence compared with thē uorescence in the presence of pyruvate + malate. Therefore, the subsequent uncoupler-sensitive¯uorescence change decreased as a result of the addition of the amytal. In Fig. 3B the average of ®ve independent amytal titration experiments of this uncoupler-sensitive rhodamine 123¯uorescence change are shown.
Because rhodamine 123 allows the detection of mitochondrial membrane potential changes directly in hippocampal slices (Bindokas et al., 1998) , we have investigated putative respiratory chain inhibition-associated changes of mitochondrial membrane potential in the respective hippocampal sub®elds. In the presence of the substrates glucose or glucose + pyruvate for both control slice and slices from pilocarpine-treated animals, low rhodamine 123 uorescence intensity levels can be detected (Fig. 4A , B, D and E). However, in contrast to control slices, the CA3 pyramidal layer of slices from pilocarpine-treated animals contained in the glucose and glucose + pyruvate states cells that show a bright rhodamine 123 uorescence, being an indication of mitochondrial depolarization ( Fig. 4A and B, arrowhead) . The de-energization of the mitochondrial inner membrane potential by uncoupling of oxidative phosphorylation with the protonophore TTFB caused in both slices a comparable maximal increase of rhodamine 123¯uorescence ( Fig. 4C and F ). In panels G and H the rhodamine 123 images of the CA3 region of hippocampal slices from a control and a pilocarpine-treated animal are shown in greater detail. At this magni®cation it can be seen that the higher¯uorescent area in Figure 4A and B is due mainly to pyramidal neurons containing partially depolarized mitochondria.
To assess the differences in mitochondrial membrane potential between pilocarpine-treated and control animals quantitatively we calculated grey value differences of individual regions of hippo- The enzyme activities are given in mU/mg protein determined at 30°C. CS, citrate synthase; n (number of animals): 17, control; 24, pilocarpine; #complex II activities and complex II/CS ratios are given for nine control and nine pilocarpine-treated animals; *P < 0.05; **P < 0.01 (ANOVA).
campal slices between the uncoupled bright¯uorescent state ( Fig. 4C and F) and the low¯uorescent state in the presence of pyruvate ( Fig. 4B and E) . Clearly, in the pilocarpine-treated rats (Fig. 4I , black bars) both CA1 and CA3 sub®elds exhibited approximately 30% lower rhodamine 123¯uorescence differences indicating more depolarized mitochondria. By contrast, in dentate gyrus the¯uores-cence differences were comparable to the controls.
Chronic seizure activity is associated with decreased levels of mitochondrial DNA in the CA3 hippocampal sub®eld
To address the possible reason for the observed sub®eld-speci®c low activity of complexes of mitochondrial oxidative phosphorylation in the hippocampus of pilocarpine-treated rats, we investigated two possible mechanisms.
The enzymatic activity of mitochondrial complex I is extremely sensitive to oxidative stress, caused either by a reversible oxidation of SH groups of the isolated enzyme (Dupius et al., 1991; Sriram et al., 1998) or the irreversible oxidative modi®cation of [4Fe-4S] clusters (Zhang et al., 1990) . To test whether oxidation modi®es the activity of mitochondrial complex I of rat hippocampal sub®eld homogenates, we applied the oxidants hydrogen peroxide and tert-butylhydroperoxide, which attack hydrophilic and hydrophobic oxygen radicalsensitive sites of the enzyme, respectively. For hydrogen peroxide, the K i value of complex I inhibition in the dentate gyrus was 28 T 3 mM (n = 3) and in the CA3 sub®eld 20 mM, whereas for tertbutylhydroperoxide K i values of 1.4 T 0.6 mM (n = 6) and 1.8 T 0.7 mM (n = 2), respectively, were determined. We were not able to restore the activity of complex I after oxidation by subsequent additions of glutathione (1 mM) or dithiothreitol (5 mM). Thus, the rat hippocampal NADH±CoQ 1 oxidoreductase showed a low sensitivity to both oxidants which at concentrations in the millimolar range caused an irreversible inhibition of the enzyme activity. Similar experiments with cytochrome c oxidase revealed the absence of any measurable inhibition of the enzyme activity by both oxidants applied at concentrations up to 50 mM.
Possible mutations of mitochondrial DNA, which is known to be extremely vulnerable due to the lack of protective histones and inadequate repair mechanisms (Suter & Richter, 1999) , could lead to a decreased expression of the mitochondrial-encoded subunits of the complexes of oxidative phosphorylation. This mechanism would selectively affect complexes I (NADH±CoQ oxidoreductase), III (CoQ±cytochrome c oxidoreductase), IV (cytochrome c oxidase) and V (H + -ATPase), leaving the activities of complex II (succinate dehydrogenase) and of citrate synthase unchanged. We used Southern blot analyses to detect the most common mitochondrial DNA alteration, i.e. large scale rearrangements or changes in the mitochondrial DNA copy number (depletion). A typical Southern blot of PvuII-cleaved total DNA from hippocampal sub®elds of a control and a pilocarpine-treated rat hybridized with a mitochondrial DNA probe is shown in Fig. 5A . PvuII cleaves rat mitochondrial DNA into two fragments with the molecular weights of 15.375 kb and 0.925 kb. Under the conditions of electrophoresis used here, only the larger 15.375 kb mitochondrial DNA fragment is detected. To   FIG. 2 Oxygen consumption and complex I¯ux control in 400 mm microslices of rat hippocampus. (A) Representative oxygraph traces from the CA3 hippocampal sub®eld of a pilocarpine-treated and a control rat. Pyruvate, 10 mM. Amytal additions to ®nal concentrations of 26.6 mM, 66.6 mM, 133.3 mM, 200 mM, 333.3 mM AND 600 mM. (B) Flux control coef®cients of complex I determined in hippocampal sub®elds (CA1, CA3, and DG) and the parahippocampal gyrus (PG) of 11 control and 10 pilocarpine-treated rats. The¯ux control coef®cients were determined from the initial slopes of amytal titration curves of maximal oxygen consumption as described by Kunz et al. (2000) , applying the following equation: C i = ± (dJ/dI)/(J max /K d ), where C i is the¯ux control coef®cient of complex I, dJ/ dI is the initial slope of the titration curve, J max is the uninhibited respiration rate and K d is the dissociation constant of the noncompetitive complex I inhibitor amytal [K d = 122 T 26 mM ]. The bars show means + SD. *P < 0.05 (t-test). The uncoupled rates of respiration were determined in the medium for slice respiration measurements in the presence of 10 mM glucose or 10 mM pyruvate and 10 mM TTFB and are given in nmol O 2 /mg protein determined at 30°C. n (number of animals): 11, control; 10, pilocarpine; **P < 0.01
compare the quantity of mitochondrial DNA with the total amount of loaded nuclear DNA we used a faint band at about 4 kb. It is evident that large scale rearrangements of the mitochondrial DNA are absent in all samples. However, in the CA3 hippocampal sub®eld of pilocarpine-treated rats (Fig. 5A , lane 7) a diminished content of the mitochondrial DNA compared with the intensity of the nuclear 4 kb band can be seen. We con®rmed this result in a series of different Southern blots and observed that the relative amount of mitochondrial DNA in the CA3 hippocampal sub®eld of pilocarpine-treated rats is lower (Fig. 5B ). Because this cannot be explained by a change in mitochondrial quantity (cf. the almost unchanged levels of the mitochondrial marker enzymes citrate synthase and succinate dehydrogenase in Table 1 and the increase in somatic succinate dehydrogenase staining in Fig. 1D ), this ®nding could explain the lowered activities of mitochondrial respiratory chain complexes I and IV at least in the CA3 pyramidal sub®eld. To con®rm that the measured decrease in mitochondrial DNA copy number is suf®cient to explain the observed alterations in mitochondrial enzyme activities we determined the effect of depletion of mitochondrial DNA in undifferentiated PC12 cells (Greene & Tischler, 1976) on mitochondrial enzyme activities. PC12 cells are a noradrenergic clonal line of rat adrenal pheochromocytoma cells responsive to nerve growth factor with neuron-like properties. We cultivated the cells in the presence of ethidium bromide, uridine and pyruvate to deplete them partially of mitochondrial DNA (King & Attardi, 1989; Trounce et al., 1994) . The cells were harvested at different time points of cultivation and activities of rotenone-sensitive NADH±CoQ 1 oxidoreductase, cytochrome c oxidase, citrate synthase and the relative amount of mitochondrial DNA were determined. A typical Southern blot of total DNA isolated from control and ethidium bromide treated cells hybridized with the rat mitochondrial DNA probe is shown in Fig. 6A (lanes 2 and 3) . It is clear that the ethidium bromide treatment diminished the mitochondrial DNA band whereas the intensity of the nuclear reference band at about 4 kb was unchanged. Plots showing the dependency of activities of rotenonesensitive NADH±CoQ 1 oxidoreductase and cytochrome c oxidase on the intensity ratio of both bands for PC12 cells cultivated for different periods of time with ethidium bromide are shown in Fig. 6B and C. The data show that a 2±3-fold decrease in the mitochondrial DNA copy number causes an approximate fourfold decrease in complex I activity and even an approximate 10-fold decrease in complex IV activity. Therefore, the approximate twofold change in the mitochondrial DNA/nuclear DNA ratio observed in the CA3 hippocampal sub®eld of pilocarpine-treated rats is obviously suf®cient to explain the detected changes in mitochondrial enzyme activities.
Discussion
Chronic seizure activity leads to a decreased activity of oxidative phosphorylation in the CA1 and CA3 pyramidal sub®elds with severe consequences on energy metabolism
We have investigated long term changes of mitochondrial oxidative phosphorylation in rat hippocampus in response to chronic seizure activity. Our key result is a reduction of the activity of respiratory chain complexes I and IV in the CA3 and the CA1 pyramidal sub®elds whereas the activity of the mitochondrial marker enzyme citrate synthase remained nearly constant. Moreover, the succinate dehydrogenase staining of pyramidal neurons even increased, indicating a compensatory increase of complex II activity, similar as observed in hippocampal CA3 neurons of patients with Ammon's horn sclerosis . Therefore, the seizure-dependent activity changes of complexes I and IV are very unlikely to be related to changes in mitochondrial content due to pyramidal cell loss in the epileptic hippocampus.
To investigate the metabolic consequences of the decreased complex I activity, we applied metabolic control analysis and observed in the control rat hippocampal sub®elds¯ux control coef®cients of NADH±CoQ reductase between 0.21 and 0.32. These values for sub®eld slices are very close to the average of ux control coef®cients reported in the literature for different populations of isolated brain mitochondria (nonsynaptic mitochondria 0.11±0.14; and synaptic mitochondria 0.3±0.32; Davey & Clark, 1996; Davey et al., 1997) . The prerequisite for the determination of ux control coef®cients are true steady state conditions that might be problematic in brain slices. To minimize this problem we performed FIG. 3 . Amytal titrations of the rhodamine 123¯uorescence signal in digitonin-treated rat hippocampal homogenates. (A) Fluorescence trace of a typical experiment with 2.6 mM rhodamine 123 in the medium for rhodamine¯uorescence spectroscopy (cf. Materials and methods). The rhodamine 123¯uorescence signal was determined at 466 nm excitation and 520 nm emission in a Shimadzu RF 5000 spectro¯uorimeter. Additions: 1 mg protein/mL hippocampal homogenate; 100 mg/mL digitonin; 10 mM pyruvate + 5 mM malate; 120 mM amytal; and 10 mM TTFB. (B) Amytal titration of the rhodamine 123¯uorescence. The experimental points are means T SD of ®ve experiments. The experiments were performed as in A, but different amytal concentrations were added. The subsequent uorescence signal change obtained by the uncoupler addition (10 mM TTFB) was expressed in percentage of the maximal¯uorescence signal difference between the uninhibited pyruvate + malate state and the uncoupled state.
the titration experiments using a minimum of 10 min equilibration intervals with the inhibitor. In pilocapine-treated animals the¯ux control coef®cients of complex I in CA1 and CA3 increased to 0.36. This result is in line with a de®ciency of complex I , similar to that observed by enzymatic analysis. Moreover, the complex I de®ciency can be considered to be functionally important because it changes the control of mitochondrial oxidative phosphorylation and therefore decreases the metabolic threshold of complex I (Davey et al., 1998) . Additionally, we were able to show in rhodamine 123-stained microslices a partial depolarization of mitochondrial membrane potential in both CA1 and CA3 sub®elds. We provided direct evidence that the approximately 50% lowered complex I activity is suf®cient to account for the observed partial mitochondrial membrane depolarization. However, we observed a corresponding decrease in maximal rates of hippocampal sub®eld slice respiration only in the more severely altered CA3 pyramidal sub®eld. Interestingly, also only in the CA3 sub®eld, pyramidal cells were detected which exhibited a very high rhodamine 123¯uorescence indicating partial mitochondrial membrane depolarization.
The observed speci®c changes in mitochondrial oxidative phosphorylation seem to be a response to the pathological seizure activity and provide supporting evidence for the previous observations that the respiratory chain complex I was de®cient in hippocampal CA3 pyramidal cells from patients with temporal lobe epilepsy and Ammon's horn sclerosis . In contrast to seizure activity, increased neuronal activity causes upregulation of enzymes containing mitochondrial-encoded subunits (Williams et al., 1998) . This apparent discrepancy can be explained by a different pattern of depolarization of neurons during intense epileptiform activity which causes massive Ca 2+ in¯ux through voltage-gated and N-methyl-Daspartate (NMDA)-type glutamate receptors (Van den Pol et al., 1996) . The pathological elevation of intracellular Ca 2+ leads to a severe mitochondrial depolarization, intramitochondrial Ca 2+ accumulation (Duchen, 1992) , and mitochondrial superoxide production (Schuchmann et al., 1999; Liang et al., 2000) . Among these changes, especially seizure-related increased oxidative stress (Frantseva et al., 2000; Kovacs et al., 2001 ) and in particular enhanced superoxide production could affect the activity of complexes of mitochondrial oxidative phosphorylation (Zhang et al., 1990) in the hippocampal CA1 and CA3 sub®elds of pilocarpine-treated animals. A and B) . Upper image, 10 mM glucose present; middle image, addition of 10 mM pyruvate; lower image, addition of 28 mM TTFB. (H) Fivefold magni®cation of the same region in the CA3 pyramidal layer of control rats. Upper image, 10 mM glucose present; middle image, addition of 10 mM pyruvate; lower image, addition of 28 mM TTFB. (I) Fluorescence grey value differences of rhodamine 123-stained hippocampal microslices in the uncoupled and pyruvate-oxidizing states. The numerical differences were obtained by subtraction of the average grey values in the regions of interest, i.e. CA1 (CA1 pyramidal cell layer), CA3 (CA3 pyramidal cell layer), DG (granular cell layer of the dentate gyrus). White bars are the averages of the grey value differences of slices from six control rats; black bars are the averages of the grey value differences of slices from seven pilocarpine-treated rats.
The de®ciency of complexes I and IV could be caused by a decreased quantity of mitochondrial DNA
In further investigations, we attempted to clarify the molecular basis for the observed lowered activities of oxidative phosphorylation complexes in the pyramidal sub®elds of the epileptic hippocampus. It is well known that the enzymatic activity of NADH±CoQ oxidoreductase is extremely sensitive to oxidative stress, which is well known to occur in response to seizure activity (Frantseva et al., 2000; Liang et al., 2000; Kovacs et al., 2001) . This sensitivity of the enzyme is related either to a reversible oxidation of SH groups (Dupius et al., 1991) or the irreversible oxidative modi®cation of [4Fe-4S] clusters (Zhang et al., 1990) . Studies with hydrogen peroxide and tert-butylhydroperoxide revealed an inhibition of mitochondrial complex I in rat hippocampus by these compounds but only at concentrations in the higher millimolar range. In vivo, during the ischemia-reperfusion period, maximal H 2 O 2 concentrations in the 100 mM range were reported in the rat striatum (Hyslop et al., 1995) and a severe toxicity towards striatal neurons was observed already at about 300 mM H 2 O 2 (Desagher et al., 1997) . Because the concentrations required to inhibit complex I were much higher in our experiments and complex IV was almost insensitive to the applied oxidants, it is unlikely that oxidative enzyme modi®ca-tions are the cause of the observed de®ciencies of complexes I and IV.
A possible alternative mechanism could be a reactive oxygen species-mediated degradation of mitochondrial DNA into small FIG. 5 . (A) Southern blot of PvuII-cleaved total DNA from rat hippoampal sub®elds with a probe recognizing mitochondrial DNA. The blots were performed with about 1 mg total DNA hybridized with a digoxigeninlabelled probe isolated from rat skeletal muscle mitochondria. Lane 1, control rat, parahippocampal gyrus; lane 2, control rat, dentate gyrus; lane 3, control rat, CA3; lane 4, control rat, CA1; lane 5, pilocarpine-trated rat, parahippocampal gyrus; lane 6, pilocarpine-treated rat, dentate gyrus; lane 7, pilocarpine-treated rat, CA3; lane 8, pilocarpine-treated rat, CA1; lane 9, molecular weight markers (HindIII-cleaved l-DNA). (B) Mitochondrial DNA/nuclear DNA ratios in the hippocampal sub®elds and parahippocampal gyrus of ®ve control and six pilocarpine-treated rats. For the estimation of the quantities of mitochondrial DNA, the intensity of the 15.4 kb band and of nuclear DNA the intensity of the 4 kb band were used. The mitochondrial DNA/nuclear DNA ratios are expressed as intensity ratios of both bands. The bars show means + SD. *P < 0.05 (t-test).
FIG. 6. (A)
Southern blot of PvuII-cleaved total DNA from PC12 cells with a probe recognizing mitochondrial DNA.The blots were performed with about 1 mg total DNA isolated from PC12 cells hybridized with the same digoxigenin-labelled probe used in the experiments shown in Fig. 5 . Lane 1, molecular weight markers (HindIII-cleaved l-DNA); lane 2, control cells, cultivated in the absence of ethidium bromide, uridine and pyruvate; lane 3, cells cultivated in the presence of 500 ng/mL ethidium bromide supplied with pyruvate (1 mM) and uridine (50 mg/mL). (B and C) Plots of dependency of NADH±CoQ 1 oxidoreductase (B) and cytochrome c oxidase (C) activities on the mitochondrial DNA/nuclear DNA ratio in PC12 cells cultivated different times in the presence of ethidium bromide, pyruvate and uridine. After three time points (0 days, 7 days and 45 days) the cells were harvested for mitochondrial DNA analysis and enzyme activity determinations. The activity of the mitochondrial marker enzyme citrate synthase was 48.6 T 8.2 mU/mg; 38.0 T 5.0 mU/mg and 40.1 T 4.3 mU/ mg, respectively, at these time points. All activities are given in mU/mg protein determined at 30°C. The mitochondrial DNA/nuclear DNA ratios are expressed as intensity ratios of the 15.4 kb mitochondrial DNA band and of the 4 kb reference band. The data points are means T SD of three independent determinations. fragments (Suter & Richter, 1999) resulting in mitochondrial DNA breakdown which leads to decreased mitochondrial DNA copy numbers per mitochondrium. This oxygen radical mediated mitochondrial DNA depletion has been reported to occur in Friedreichs ataxia (Wilson & Roof, 1997) and amyotrophic lateral sclerosis . Elevated concentrations of 8-hydroxy-2-deoxyguanosine, a marker for oxidative DNA damage and breakdown, have been reported in the rat hippocampus following kainate administration (Liang et al., 2000) . Mitochondrial DNA depletion is known to cause a severe impairment of mitochondrial function as a result of impaired biosynthesis of mitochondrial-encoded subunits of respiratory chain complexes as evidenced in some human diseases (Tritschler et al., 1992) and animal models (Larsson et al., 1998) . This mechanism would selectively diminish the activities of complexes I (NADH±CoQ oxidoreductase), III (CoQ±cytochrome c oxidoreductase), IV (cytochrome c oxidase) and V (H + -ATPase), leaving the activities of the exclusively nuclear-encoded complex II (succinate dehydrogenase) and of citrate synthase unchanged. In the CA3 pyramidal sub®elds of pilocarpine-treated rats we were able to detect an approximate twofold reduction of the mitochondrial DNA content compared with nuclear DNA. It is unlikely that this ®nding is related to the neuronal cell loss occurring in this hippocampal sub®eld for the following reasons: (i) the activity of the mitochondrial marker enzymes citrate synthase and succinate dehydrogenase in the CA3 sub®eld was nearly constant (Table 1) ; and (ii), the intensity of neuronal staining for the mitochondrial enzyme succinate dehydrogenase even increased (Fig. 1D) . In PC12 cells partially depleted of mitochondrial DNA by ethidium bromide treatment (King & Attardi, 1989; Trounce et al., 1994) we were able to show that an approximated 2±3-fold reduction of mitochondrial DNA resulted in an approximate threefold reduction of complex I activity and even an approximate 10-fold reduction of complex IV activity, whereas the activity of citrate synthase remained almost unaltered. Therefore, these data provide evidence for a tight dependency of activities of mitochondrial-encoded enzymes on the mitochondrial DNA copy number. This dependency offers an explanation for the observed decreased activities of complexes I and IV in the CA3 pyramidal sub®eld of the epileptic rat hippocampus. Additionally, it is very likely that a decrease of the mitochondrial DNA copy number is also the cause of the decreased activities of complexes I and IV in the CA1 sub®eld but the high experimental error of the densitometric method did not allow us to detect this change at the level of signi®cance. Therefore, our data support the idea that chronic seizure activity, which leads to elevated production of reactive oxygen species (Liang et al., 2000; Kovacs et al., 2001; Schuchmann et al., 1999 Frantseva et al., 2000 , causes preferential breakdown of mitochondrial DNA, which is known to be extremely vulnerable because of its lack of protective histones and inadequate repair mechanisms (Suter & Richter, 1999) . The lower quantity of intact mitochondrial DNA leads to decreased activities of complexes of oxidative phosphorylation containing mitochondrial-encoded subunits because it downregulates the expression of these subunits.
Consequences of seizure activity related alterations of respiratory chain activity Our demonstration of a segmental decrease in the activity of complexes I and IV of oxidative phosphorylation as result of in vivo seizure activity, which might have consequences on neuronal energy metabolism, suggests novel pathophysiological mechanisms important for chronic epilepsy. First, mitochondria are involved in controlling intracellular Ca 2+ , and the impairment of respiratory chain could lead to elevated cytosolic Ca 2+ levels. Additionally, this mitochondrial dysfunction could directly affect the phosphorylation potential-dependent Na + /K + ATPase and thus cause a lowered resting membrane potential at the plasma membrane. Both mechanisms could contribute to the hyperexcitability observed after sustained seizure activity. A second intriguing possibility is that the observed impairment of respiratory chain could contribute to the selective pyramidal cell death occurring in pilocarpine-treated rats. This notion is supported by the ®nding that the respiratory chain function was compromised within the CA3 and CA1 regions, which experience neuronal cell death, but unaffected within the relatively preserved dentate and parahippocampal gyrus.
In summary, our results provide evidence that in vivo seizure activity causes a decrease in activity of the mitochondrial-encoded complexes I and IV of the respiratory chain in the pyramidal sub®elds of the rat hippocampus that could affect both excitability and survival of pyramidal neurons.
